The greater palatine foramen (GPF) is an important anatomical landmark and has substantial clinical relevance in dental surgery. Knowledge of its precise location and dimensions is required for proper planning of surgical procedures involving the posterior maxilla. We used microfocus computed tomography to determine the location and dimensions of the GPF, and any sex and race variations in those measurements, in 77 human skulls scanned at the South African Nuclear Energy Corporation. Specialized software was used for three-dimensional rendering, segmentation, and visualization of the reconstructed volume data. GPF location ranged from adjacent to the first molar to distal of the third molar. The most common GPF location was near the third molar (66.7% of skulls), and the GPF was as close as 6.31 mm (mean distance 12.75 ± 3 mm). The mean GPF dimensions were 5.22 mm on the anteriorposterior axis and 2.81 mm on the lateral-medial axis. We noted no significant differences in relation to race, sex, or age in the sample. The GPF was adjacent or posterior to the third maxillary molar in most skulls.
Introduction
The greater palatine foramen (GPF) is an important landmark in oral surgery. Block anesthesia of the greater palatine nerve (GPN) is a very common procedure in numerous dental interventions involving the posterior maxilla. Procedures that may involve the GPF include orthognathic surgery, closure of oroantral/nasal fistulas, removal of pathological tissue, harvesting of palatal soft tissue grafts, and extraction of maxillary posterior teeth (1) (2) (3) (4) . Harvesting of palatal masticatory mucosa for grafting procedures around natural teeth and dental implants is now almost routine in periodontal and implant surgery. However, these procedures are all performed close to, and thus may damage, vital anatomical structures, such as the greater palatine neurovascular complex (1, 2, 5, 6) . To avoid complications associated with vascular and nervous structures in the pterygopalatine fossa, practitioners must have a sound knowledge of the anatomy of this region.
The GPN is an important anatomical structure in the posterior maxilla. Within the pterygopalatine fossa the GPN originates from the maxillary nerve and emerges into the oral cavity through the GPF via the greater palatine canal (7, 8) . As the GPN exits the GPF, it progresses anteriorly within a well-defined groove between the hard palate and alveolar process, almost to the incisors, where it communicates with the nasopalatine nerve (2, 3, 9) . The greater palatine artery and GPN constitute the neurovascular bundle that supplies the palatine and maxillary bones, as well as the palatal mucoperiosteum, glands, and gingiva. The GPN is found to be medial to the greater palatine artery and innervates the soft and hard tissues of the hard palate (4) . While in the greater palatine canal, the GPN gives rise to posterior-inferior nasal branches. Anesthesia applied at this level affects the maxillary teeth, palatal soft tissues, and the skin of the mid-face, as well as the mucosa of the nasal cavity and maxillary sinuses (9) . The lesser palatine nerves travel through the greater palatine canal and in approximately 50% of cases emerge through the lesser palatine foramina, giving branches to the uvula, tonsils, and soft palate (10) . The lesser palatine foramina pierce the inferior surface of the pyramidal process of the palatine bone. These openings can be found behind the GPF, between the lower ends of the medial and lateral pterygoid plates (7, 9) .
Matsuda (11) first identified and described the location of the GPF, in 1927. Several later studies of the anatomy of GPF described its actual position in different populations (1) (2) (3) (4) (5) 10, (12) (13) (14) (15) (16) . The variability in its location might be attributable to population differences in sutural growth between the maxillary and palatine bones or to different rates of growth after eruption of maxillary posterior teeth. Differences in the methods used in previous studies could also contribute to variation in the reported location of the GPF (2,3,5).
High-precision microfocus computed tomography (micro-CT) imaging is superior to conventional medical cone-beam computed tomography (CBCT). Although both imaging modalities are based on the same principle, spatial resolution is 1 to 3 µm for micro-CT and 300 µm for CBCT. To obtain a high-quality three-dimensional (3-D) virtual image at this high spatial resolution, the number of two-dimensional (2-D) projections (radiographs taken in 360° of the sample) required increases from 375 to 8,000. The resulting tomogram (3-D image) is of much higher quality than a CBCT image and allows for more accurate quantitative analysis (Hoffman JW, De Beer F. Characteristics of the micro-focus x-ray tomography facility (MIXRAD) at Necsa in South Africa. 18th World Conference on Nondestructive Testing, 2012).
We used micro-CT to determine the position of the GPF relative to maxillary molars and measure its dimensions in the South African population. To our knowledge, this is the first time micro-CT has been used for this purpose.
Materials and Methods
Ethics approval was obtained from the Research Ethics Committee of the Faculty of Health Sciences, University of Pretoria, South Africa (No. 111/2013). The study sample consisted of 77 dry human skulls (Pretoria Bone Collection, University of Pretoria, South Africa) that represented two South African population subgroups and both sexes. The age at death of the decedents from whom the 77 specimens were obtained ranged from 22 to 90 years (mean age, 54 years). Completely edentulous maxillae were excluded. The race, sex, and mean age of the decedents are shown in Table 1 .
The skulls were scanned with a micro-focus CT unit (Nikon XTH 225 ST, Nikon Metrology SARL, Lisses, France) at the Micro-Focus X-ray Tomography Facility (MIXRAD) of the South African Nuclear Energy Corporation (NECSA). The scans were performed at 100 kV and 100 μA, and the exposure time was 2000 milliseconds. The obtained resolution ranged between a voxel size of 105 and 112 μm. The volume files were imported into advanced volume rendering software (VGStudio MAX 2.2, Volume Graphics GmbH, Heidelberg, Germany) for 3-D rendering, segmentation, and visualization of the reconstructed volume data (Fig. 1) . The software has interesting features, namely, a menu of analytical functions for quantitative analysis of virtual volume, so that distances in 3-D space can be measured by combining information provided by the 3-D image with axial, sagittal, and frontal views that show additional xy, yz, and xz slices, respectively. A virtual volume is defined by a specific number of voxels-the 3-D equivalent of 2-D All the present measurements were done simultaneously by two experienced specialists, in periodontics and oral medicine (professor and senior lecturer), according to a standardized protocol.
Measurements
Measurements taken in 3-D space on the reconstructed images included the relative position of the anterior margin of the GPF, the distance between the GPF and a plane created at the alveolar crest (the molar plane), and the dimensions of the GPF. To establish a reproducible area from which the GPF could be observed, a molar plane (MP) was created at the alveolar crest of the first and third molar (or the approximate location if the individual was partially edentulous). Skull orientation was determined according to this set plane ( Fig. 2 ). When GPF measurements were made, reference planes were created over each GPF (Fig. 3) .
Location of the GPF
The location of the GPF was determined by assessing its anterior margin position relative to the maxillary molars. In samples without molar teeth, the location was approximated by subtracting the average mesiodistal widths of the crowns of the missing maxillary premolar and molar teeth ( Fig. 4) , as described by Nelson (Nelson SJ. Wheeler's dental anatomy, physiology and occlusion. Elsevier, 2014).
Distance between the GPF and MP
The MP was defined as the zero level from which the entire skull was oriented. From the zero level each sample was scrolled in a direction toward the point mark for the anterior border of the GPF. Once the plane reached the point mark, the distance travelled (in mm) was recorded as the closest distance from the GPF to the alveolar crest. 
Dimensions of the GPF

Statistical analysis
Data were analyzed for the group as a whole and also by sex and population group. The precision of the estimates of mean values was expressed as 95% confidence intervals. Data were recorded on an Excel spreadsheet, and descriptive (prevalence, mean, and standard deviation) and comparative analyses were performed in R by using the relevant function. The Kruskal-Wallis rank test was used for nonparametric tests of differences between groups. Statistical significance was set at P < 0.05. Table 2 shows the mean distances from the GPF to the MP and the dimensions of the GPF in the investigated groups. The anterior-posterior dimension (A-P) of the GPF ranged from 1.08 to 9.65 mm (mean: 5.35 ± 1.08 mm on the right side and 5.08 ± 0.94 mm on the left side). The lateral-medial dimension (L-M) of the GPF ranged from 1.52 to 6.28 mm (mean: 2.81 ± 0.54 mm on the right side and 2.81 ± 0.78 on the left side). The average distance from the anterior margin of the GPF to the plane over the alveolar crest of maxillary molars was 12.70 ± 2.80 mm on the right side and 12.79 ± 3.18 mm on the left side. The anterior margin of the GPF corresponded to the third molar in 66.7% of specimens and was posterior to the second molar in 83.5% of specimens. Linear measurements of the GPF did not show statistically significant sex or racial differences ( Table 2) . Table 2 shows GPF distribution by side, and Table 3 shows GPF location in relation to maxillary molar teeth.
Results
Discussion
The GPF is located in an area of confluence of several anatomical structures and has substantial clinical relevance in oral and maxillofacial surgery, periodontal plastic surgery, and general dentistry. A literature search revealed no previous micro-CT studies of the GPF.
Most studies of the location and dimensions of the GPF used dry skulls (4,5,10,13-18) and cadavers (2, 6, 13) . More-recent studies used medical CT and CBCT to evaluate the topography and structures within the palate (1, 3, 9, 19, 20) . In European studies (3, 14, 15) the GPF was adjacent to third maxillary molars in 74.6% of cases and distal to third molars in 2.2% of cases. African studies (4, 11) showed that the GPF was adjacent to third molars in 68.75% of cases and distal to third molars in 36.5% of cases. In studies that included Asians (2, 13) the GPF was adjacent to third molars in 42.03% of cases and distal to third molars in 6.9% of cases. A high prevalence of third molar association (73.45%) was also found in a Brazilian population (1,5); 22% of GPFs were distal to the third molars. Indian studies (13, 17, 18) reported GPFs close to third molars in 69.7% of cases and distal to third molars in 7.3% of cases. Our data showed that GPFs were close to the third maxillary molar in 66.65% of cases, which is consistent with findings from African and Indian studies. However, 14.98% of GPFs were distal to the third molar and 18.38% were anterior to it. Past and present findings indicate that GPF location varies in relation to population. However, this discrepancy might be attributable to the different classification systems used to identify GPF location in relation to maxillary molar teeth. We found that GPF location varied from the first maxillary molar to distal of the third molar in a South African population. Although some specimens had no maxillary molar teeth, GPF location could be accurately determined by using the average mesiodistal dimensions of premolar and molar teeth, as shown in our study.
The distance between the GPF and maxillary molar teeth is believed to be important, especially when harvesting soft tissue from the palate. A literature search showed no conventional CT or CBCT study of these measurements. However, two cadaver studies reported results that might be relevant to our findings. In a study by Fu et al. (6) the average distance from the GPF to the cementoenamel junction of the second and third molar teeth was 14.5 ± 2.4 mm. Another cadaver study, by Klosek and Rungruang (2) , obtained vertical measurements from the alveolar crest of the second and third molars to the deepest point of the greater palatine sulcus: the average was 7.3 ± 2.9 mm. In our study the average distance from the GPF to the MP was 12.75 ± 3 mm, which is slightly shorter than the distance reported by Fu et al. (6) . This discrepancy is explained by the fact that the cementoenamel junction was used in their study and the alveolar crest was used in the present study. A study by Klosek and Rungruang (2) reported smaller average dimensions than those of Fu et al. (6) and the present study, perhaps because of differences in the populations studied (Thai, American, South African), sample size, and methods used. It should be noted that these cadaver studies used calipers to measure to the nearest millimeter. In our study the advanced volume rendering software allowed measurements to the second decimal place. The use of cadaver dissection for analysis of anatomical structures is more challenging than analysis of a 3-D model with dedicated software. Previous studies of GPF dimensions reported a mean A-P of 4.5 to 5.3 mm (16, 19) and a mean L-M of 2.2 to 3.3 mm (17, 19) . Despite differences in the methods used to assess GPF, GPF dimensions did not significantly differ among studies ( Table 4 ). The mean GPF dimensions in our study were an A-P of 5.22 mm and an L-M of 2.81 mm, which are consistent with previous findings. Although GPF location varies greatly by population, the GPF was adjacent or posterior to the third maxillary molar in 83.53% of our sample of South Africans. We used a new method to identify GPF position by calculating the average mesiodistal dimensions of premolar and molar teeth in skulls with no maxillary molars. Appropriate planning is necessary before performing surgical procedures involving this anatomical region. We recommend 3-D imaging for this purpose. Our findings should help clinicians understand and assess the anatomy of this region by using conventional imaging techniques.
